Here we show that these photostable color centers can be visualized by STED using simple continuous-wave or high repetition pulsed lasers (76 MHz) at wavelengths >700 nm for STED. Furthermore, we show that NV centers can be imaged in three dimensions (3D) inside the diamond crystal and present single-photon signatures of single color centers recorded in high density samples, demonstrating a new recording scheme for STED and related far-field nanoscopy approaches. Finally, we exemplify the potential of using nanodiamonds containing NV centers as luminescence tags in STED microscopy. Our results offer new experimental avenues in nanooptics, nanotechnology, and the life sciences.
Far-field fluorescence microscopy is one of the most important tools for noninvasive imaging of the interior of transparent objects. However, the resolution of its standard versions is limited by diffraction which precludes discerning similar features that are closer together than about half the wavelength λ of the light used, i.e., about 200 nm. 1 Stimulated emission depletion (STED) microscopy 2, 3 has fundamentally overcome the limits set by diffraction by transiently switching off the fluorescence ability of the dye by stimulated emission, so as to allow neighboring features to be registered sequentially in time by scanning. With standard fluorophores, STED microscopy routinely offers a spatial resolution in the 20-50 nm range and has successfully been applied to approaching key problems in biology. 4, 5 However, in some applications, STED microscopy is challenged by the limited photostability of the fluorescent markers, which reduces fluorescence brightness and prevents long-term observations. A solution is to employ fluorescent probes with less-photobleaching like luminescent semiconductor quantum dot (QD) nanocrystals 6, 7 or nitrogen-vacancy (NV) color centers in diamonds. 8, 9 Unfortunately, the fact that the absorption band of most QDs overlaps with that for their emission has hampered their applicability to STED microscopy. In contrast, NV centers in diamond have recently turned out as excellent luminescence sources in STED microscopy, with no observable photobleaching. 10 Initial STED microscopy images of NV centers in diamond featured an up to 6 nm spatial resolution in the focal plane (x,y). However, they were recorded inside bulk diamond, with a fixed wavelength of 775 nm for STED and with a rather low (8 MHz) repetition pulsed laser system. While the low repetition rate may be highly favorable for obtaining the maximum possible resolution with NV centers, it also entails long image acquisition times preventing their application as fluorescent tags in the life sciences and elsewhere. Here, we show that STED nanoscopy on NV centers is viable with tunable continuous-wave (CW) or quasi-CW high-repetitive 76 MHz pulsed laser sources and that it discerns individual NV centers in diamond crystals with 3D nanoscale resolution. Additionally, we investigate the stimulated emission characteristics of NV centers at different wavelengths and detect the single-photon emission signature of single NV centers inside densely colored samples. The latter introduces a new recording scheme in STED microscopy and related far-field optical approaches using a targeted switching and read-out modality. 11, 12 Finally, nanoscale images of ∼35 nm sized nanodiamond particles containing NV centers demonstrate the emerging potential of NVs as photostable luminescence tags in far-field fluorescence nanoscopy but also reveal aggregation and heterogeneity of the nanoparticles. Here, the superior resolution of STED microscopy bears itself as a valuable control during optimized nanodiamond production.
The charged NV center (actually NV -) is a unique color center consisting of a vacancy and a nearby nitrogen atom in a diamond network. Excitation of these NV centers at wavelength λ ) 532 nm features luminescence with a lifetime τ f ≈ 11-12 ns, a high quantum yield (≈0.7), a very broad emission spectrum at around λ ) 700 nm, and exceptional photostability. 8, 9 When excited from its ground ( 3 A) to its excited triplet state ( 3 E), the NV center relaxes to the vibrational ground state of 3 E through efficient phonon coupling (inset Figure 1C) . In the presence of the STED light, the luminescence decay (k f ) 1/τ f ) competes with the stimulated emission process (k S ) σ S γI, with photon cross section σ S for stimulated emission and inverse photon energy γ of the STED light). If the condition holds that the STED intensity I is much larger than the intensity I S ) 1/(σ S γτ f ), stimulated emission dominates over other processes and the 3 E is effectively prevented by the STED beam. In the ideal case, the ability of the center to emit spontaneously scales as exp(-I/I S ), meaning that the state 3 E is prohibited for I . I s . As a result, the luminescence ability of the NV center is switched off. To make use of this switch-off process for improving the spatial resolution, the STED light is usually applied with a focal intensity distribution featuring a central zero such as a doughnut. 13, 14 Applying a doughnut beam with intensity maximum I max . I s reduces the effective spot of luminescence to subdiffraction dimensions, with a full width at half-maximum (fwhm
Here, d 0 is the fwhm of a reference spot of a confocal microscope, and C is a constant that depends on the shape of the doughnut minimum.
14 Consequently, large STED intensities provide high spatial resolution. In our previous measurements on the NV centers, we have supplied the STED beam with a fiber laser system operating at 775 nm and emitting 3.2 ns pulses at a repetition rate of 8 MHz. 10 The luminescence inhibition by stimulated emission exhibited the expected steep exponential drop with STED intensity I, and the almost unlimited photostability allowed us to apply very large I, facilitating a nearly perfect implementation of STED. However, depending on the application, the rather large pulse interdistance of 125 ns, which leads to relatively long image recording times, is disadvantageous. Moreover, selecting a tunable laser source allows for wavelength-dependent measurements and optimization. Hence, we implemented a tunable CW or quasi-CW 76 MHz pulsed laser source and measured the switchoff of a single NV center's luminescence in type IIa chemical vapor deposition (CVD) bulk diamond with increasing power P of the STED light. Excitation of the NV luminescence was supplied by CW or triggered 76 MHz (≈70 ps) pulsed 532 nm laser light, respectively (Supporting Information).
We found that the steep decrease of the luminescence with the power of the CW or high-repetition STED light is similar to that of the previous low-repetition 8 MHz experiment, again rendering a nearly perfect light mediated switchingoff ( Figure 1A ). In both the CW or quasi-CW case, a timeaveraged power P ≈ 0.7-1 mW and a focal spot area of ∼10 -9 cm 2 yield an intensity range of I s ≈ 0.7-1 MW/cm 2 of the STED light which is suitable to switch off half the NV's detected luminescence. In contrast to organic fluorophores requiring ∼5 times higher CW than 76 MHz quasi-CW powers to accommodate the same NV luminescence inhibition, 15 with NV centers the power in both modes is nearly the same (1.3-fold larger for CW). One of the reasons for this low factor is the relatively long luminescence lifetime of τ f ≈ 11.7 ns of the NVs (Supporting Information); from the theory a factor of (∼76 MHz τ f ) -1 is expected. 15 In the CW case, the non-negligible constant excitation competing with the inhibition by STED results in a slight deviation from a nearly perfect exponential drop of the luminescence inhibition curve as observed for the 76 MHz repetition STED modality (inset Figure 1A) . The dependence of the luminescence inhibition on the CW STED power follows the function 1/(1 + kP), as expected from theory (with k denoting a characteristic constant of the luminescent NV). 15 The level to which we can suppress luminescence is ∼3-6% and slightly larger than with the 8 MHz laser system applied in previous experiments, where complete suppression was observed. The 8 MHz laser system featured 3.2 ns long pulses, much longer than, for example, the ∼300 ps pulses of the 76 MHz modality. Probably, these long pulses resulted in a more efficient depopulation of all excited states including vibrational substates and additional dark states such as the lowest and first excited singlet states (inset Figure 1C) . 9, [16] [17] [18] It is possible that even CW laser excitation leads to deshelving of the photoexcited singlet state (∼250 ns lifetime) into the emitting triplet state. 9, [16] [17] [18] We can, however, exclude two-photon excited NV luminescence or scattered light by the infrared laser light since we have already subtracted such small signal contributions in our data analysis (Supporting Information). Fortunately, the 3-6% residual level of our present STED modality is low enough not to influence the final STED image. If it were not, one could remove this diffraction-limited contribution to the image by deconvolution or subtraction. 19, 20 The luminescence inhibition curves of Figure 1A represent an average of 15 curves taken on five different single NV centers. While we detected no difference in the steepness of the decays between the different NV centers, a slight variation in the residual fluorescence level became apparent, for example, 1-4% for the CW case. Further, the net efficiency of STED also depends on the CW excitation power ( Figure S1 in Supporting Information), because in the CW case de-excitation by stimulated emission and excitation are counteracting each other directly. Hence, the STED beam power required to arrange the same luminescence inhibition of the NVs increases with the excitation power. As a result, when the luminescence level of the NV center is increased by increasing the excitation power, slightly larger STED intensities have to be utilized to reach the same resolution. Interestingly, also the residual luminescence level to which suppression is possible increases with the CW excitation power (Figure S1 in Supporting Information); i.e., the higher STED beam intensity cannot fully make up for the stronger excitation. Again, additional dark states such as the singlet states may, besides increasing levels of scattered light by the excitation laser, be involved in this excitation power dependence. Featuring longer lifetimes of, for example, ∼100 ns at room and greater than a microsecond at low temperatures, the dark states are increasingly populated at high excitation power. 9, 16, 17 Optically induced depopulation of such dark states 16 by the STED light may result in fluorescence recovery instead of suppression and counteract the experiment. 21 Nevertheless, both the CW and quasi-CW fast repetition rate modalities allow for straightforward recording of super-resolution images. Figure 1B depicts the scanning images of several NV centers in the bulk diamond. We applied a lateral beam pattern, i.e., a doughnut-shaped intensity distribution of the CW STED light at 740 nm with a central intensity-zero, and overlaid it with the diffraction-limited spot of the excitation light ( Figure S2 in Supporting Information), consequently reducing the focal spot of effective luminescence emission along all lateral directions.
14 The increased resolution of the STED microscope allowed us to spatially distinguish nearby NV centers that are not resolvable with diffraction-limited confocal recording. At the maximum accessible CW STED power P ) 260 mW, these images feature a lateral spatial resolution of ≈ 40 nm. As expected from the resolution scaling with power ( Figure S3 in Supporting Information), further downscaling of the resolution may be realized with optimized laser systems, irrespective of CW or pulsed laser, such as with the previously applied high power but lowrepetition pulsed laser system. 10 Strikingly, again we could continuously record images from the same part of the sample without eliciting any change in the image resolution or luminescence signal due to photobleaching or -blinking, confirming the NV centers as an excellent luminescence Figure 1B were recorded within approximately 24 s and thus ∼10-fold faster than the previous 8 MHz recordings.
The tunable laser source allowed us to investigate further details of the luminescence suppression characteristics of the NV centers. The wavelength dependence of the suppression cross section of the NV centers' luminescence as experimentally determined by the STED power needed to suppress half of the initial signal follows the values of the stimulated emission cross section σ S expected from the luminescence emission spectrum of the NVs' ( Figure 1C , compare Supporting Information), confirming the stimulated emission nature of our luminescence switch-off process. The >100 nm difference between excitation and emission of the NV centers' luminescence allows applying wavelengths of the STED light as close as possible to the emission maximum, i.e., with almost the maximum possible efficiency of stimulated emission. However, an increased unspecific background from the bulk diamond rendered applying wavelengths below 740 nm impractical.
The recording of super-resolution STED images is feasible several micrometers inside the bulk diamond. 10 In contrast to our previous STED recordings with purely lateral confinement, the application of an axial beam pattern, i.e., a focal intensity distribution of the STED light confining the focal spot of effective luminescence emission strongly along the z-direction, allows for an additional resolution enhancement ( Figure S2 in Supporting Information). 3, 14 Implementing this STED beam pattern, super-resolution images of NV centers >6 µm deep inside the bulk diamond show a clear separation of single centers in 3D (Figure 2 ). Lateral and axial extension of the resolved spots is about 110-120 nm and 110-135 nm (depending on the depth), respectively, thus revealing an almost isotropic effective focal spot with a ∼2-and 5-6-fold improvement over conventional confocal recordings, respectively. 3 The 3D images were recorded with highrepetition pulsed excitation and STED light. Similarly, highrepetition pulsed excitation can be combined with CW STED light ( Figure S4 in Supporting Information). The straightforward applicability of pulsed luminescence excitation indicates the possibility of combining time-resolved luminescence methods with nanoscale resolution. 22 NV color centers are reliable single photon sources at room temperature and in recent years they have been widely used in quantum cryptography and computation. 9, 17, 23 Maintaining high resolution in the far-field, such experiments can also be performed with STED microscopy. We recorded the photon correlation from single isolated spots of our images of the NV centers in the bulk diamond using a Hanbury Brown-Twiss detection setup (Supporting Information). 24, 25 With pulsed excitation, a peak at zero delay time of the crosscorrelation function G (2) (τ) of the recorded luminescence signal is absent only for a single emitter. 23, 26, 27 This strong antibunching is a clear indication of the fact that, due to its finite excited state lifetime, a single emitter such as a single isolated NV center cannot emit two photons at the same time.
A single photon signature may in principle also be observed for multichromophoric systems via efficient annihilation processes between chromophores in close proximity. 28 We can exclude this possibility in our CVD bulk diamond sample, where the probability for very close lying color centers is low.
In both confocal and STED recordings, we could not detect a notable peak at G (2) (0) from a single isolated NV ( Figure  S5 in Supporting Information). However, in a more densely NV-labeled sample, the peak is only absent in the STED recording, whose resolution power is strong enough to separate neighboring NVs ( Figure 3A) , in contrast to that of the confocal recording. We have used a repetition rate of 10.9 MHz in our excitation to clearly separate neighboring peaks in G (2) (τ). Our cross-correlation data G (2) (τ) can be well described by eq 1 
with offset A, height B of the peaks at nonzero lag times τ, relative reduction D of the peak height at τ ) 0, and repetition rate f of the excitation. 27 This fit gives a good estimate of (i) the luminescence lifetime τ f of the NV center, which correlates with the width of the peaks and whose resulting values of 10-12 ns coincide well with τ f ) 11.7 ns determined by a time-correlated single photon counting (TCSPC) (Supporting Information), and (ii) the relative peak height at zero lag time (B -D)/B, which is determined to be 0.3 in the confocal recording of Figure 3A and 0.04-0.07 in the other recordings. Values of (B -D)/B < 0.1 indicate a single photon emitter, and the nonzero value results from background photons and the finite laser pulse width. 26 On the contrary, a value (B -D)/B ) 0.3 approximately reveals 1.4 independent NV emitters, 26 which is to be expected from the confocal overlapping image of two ∼ 240 nm distant NV centers (insets Figure 3A) . The ability to perform these simple quantum optical experiments in rather high density samples exemplifies the power of combining NV luminescence and STED microscopy. Further, it allows us to indicate a new image recording scheme for separating single luminescent sources. For each scanning pixel, we only need to apply a STED intensity I max that ensures a level where G (2) (0) Figure 3B ). In the 140 nm case approximately P ) 65 mW of STED light is necessary to clearly separate the two centers, while in the 165 nm case much less P ) 20 mW is sufficient (B -D)/B ≈ 0.05). For an accurate localization of the neighboring spots even less STED power may be acceptable, which can, for example, be adjusted following slightly larger values of (B -D)/B ≈ 0.2. This procedure thus allows for an optimized adaptation of the STED light in the scanning image acquisition process, potentially avoiding unnecessarily high intensity values.
STED microscopy on NV centers not only may help in elucidating solid-state systems but also may be applied to the life sciences. Nanodiamond particles with single or multiple NV centers and sizes down to a few nanometers may potentially be employed as biomarkers in living cells. [29] [30] [31] [32] However, characteristics such as aggregation or heterogeneity in luminescence properties are currently impeding the use of nanodiamonds as luminescent markers. We have prepared samples of ∼35 nm sized nanodiamonds with multiple NV centers 32 in poly(vinyl-alcohol) (PVA) (Supporting Information). Following 532 nm CW excitation, inhibition of luminescence of these nanodiamonds by CW STED light at 740 nm is as efficient as for the NV centers in bulk diamond ( Figure 4A ). Due to, for example, the increased luminescence lifetime of the NV-nanodiamonds having a major component of ∼18 ns (Supporting Information), the STED power P ≈ 0.8 mW needed to suppress half of the nanodiamonds' luminescence is ∼1.3 times lower than that of the NV centers in bulk diamond (inset Figure 4A) . The depletion curve by the STED light ( Figure 4A ) is an average of 24 curves taken from eight different single nanodiamonds. All individual curves differ slightly from each other. This inhomogeneity is also confirmed by slight variations in the luminescence decay from one nanodiamond to the other; all decays can anyway only be described by at least two components (Supporting Information). Therefore, the averaged depletion curve shows slight deviation from the theoretically expected function 1/(1 + kP) ( Figure 4A ).
STED images of the nanodiamonds show significant enhancement in resolution over confocal recordings ( Figure  4B ). The isolation of single spots in our STED images depicts an improved ability of recognizing heterogeneity in spot size and brightness of the nanodiamond particles. The diversity of the imaged particles renders itself in a much wider distribution of values of their luminescence lifetime and particle size as compared to the values depicted from single NV centers in bulk diamond ( Figure 4C ). An increase in particle size suggests aggregation of several particles. The accompanying decrease of the average luminescence lifetime may result from the closer proximity of several NV centers or due to surface effects. The pronounced variation in luminescence lifetime values (even for the same particle size) as well as the noncorrelative characteristic of lifetime or particle size with luminescence brightness ( Figure S6 in Supporting Information) demonstrate further differences in the composition of each nanodiamond with respect to the number of NV centers and their charges or distances to the particle surface, or due to surface inhomogeneities and contaminations. 32 As for the bulk diamond, subsequent recordings reveal no sign of photobleaching of the luminescent nanodiamond particles. The so far unreached possibility of STED microscopy to monitor inhomogeneity of optical properties and nanoparticle size will improve control on elaborate nanodiamond production, and subsequent pertinent surface functionalization [31] [32] [33] [34] or size-downscaling 35 may enable specific biomolecular labeling.
In summary, we have shown that the photophysical characteristics of the NV centers allow their efficient use for STED microscopy with tunable CW or quasi-CW highrepetitive pulsed laser sources. Under these experimental conditions, the NV centers exhibit no sign of photobleaching allowing for a multitude of scans of the same part without compromising signal or spatial resolution. As a consequence, 3D super-resolution images of single NV centers are directly accessible, and the clear single-photon emission signature of a single NV center can now also be recorded in rather dense samples, allowing for an optimized scanning image recording scheme. In addition, STED microscopy of nanodiamond particles with single or multiple NV centers demonstrates that they can potentially be utilized as specific markers in life science experiments. The relatively long luminescence lifetime of the NVs offers easy access to multilabel and consequently colocalization imaging, since time gating may distinguish signals from various labels based on their distinct luminescence lifetimes. 32 Nanoscopy on single NV centers not only includes pure imaging but also enables spectroscopic and dynamical studies such as fluorescence correlation spectroscopy on the nanoscale. 5, 36 Besides stimulated emission depletion (or ground state depletion 37 ), other candidate mechanisms that could facilitate nanoscopy by NV luminescence switching 12, 38 are their photochromic transitions (to neutral NV centers), 39 spin orientation properties, 40, 41 or any other transient shelving into one of their dark states. 42, 43 Other defect centers in diamond may also lend themselves to overcoming the resolution limits set by diffraction. The viability of photobleaching-free farfield fluorescence 3D nanoscopy with simple laser sources should provide a whole new range of opportunities to explore 
